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Abstract
Reactive studies between a packed bed of B4C and Al-Sm-Me (Me = Ti, Zr, Hf) alloy
melts were carried out under a pseudo-isopiestic thermodynamic system. A graphite enclosure
isolated the system under a temperature gradient with one end reaching temperatures greater
than 1800 K and the opposite end of the graphite enclosure contains liquid Al with temperatures
approximating 950 K. The liquid Al establishes an oxygen potential to control oxidation of
very reactive elements (i.e., Al, Sm and Ti). The Al-Sm-Me alloy infuses into a packed bed of
B4C reacting exothermically to form borides and carbides depending on the thermodynamic
activities, phase equilibria and temperatures reached. Aluminum was used as a carrier for Sm
and Ti, and the key impact is in determining the reactivity of Sm as it penetrates into the pores
of the packed bed of B4C. Upon cooling, the boride and carbide may transform into phases
depending on the rate of cooling, as well as the stability of the phases. For the Al-Sm/B4C
reaction, SmB4, Al3BC and AlB12 formed as the core compounds though SmC2, Sm2C3 and
SmB4 and SmB6 also emerged as minor compounds.

vi

Table of Contents
Acknowledgements ..................................................................................................v
Abstract .................................................................................................................. vi
Table of Contents .................................................................................................. vii
List of Tables ....................................................................................................... viii
List of Figures ........................................................................................................ ix
1. Introduction ..........................................................................................................1
1.1. Motivation ..............................................................................................1
1.2 Impact, Objectives and Scope of Investigation.........................................1
2. Background ..........................................................................................................3
2.1 Thermodynamic Considerations ............................................................4
2.2 Phase equilibria considerations .................................................................8
3: Experimental ......................................................................................................12
3.1 Elements ..................................................................................................12
3.2 Sample Preloading preparation ...............................................................13
4. Results ................................................................................................................16
4.1 Microstructures .......................................................................................16
4.2 XRD, EDS results ...................................................................................24
4.3 Reactions .................................................................................................32
5. Discussion ..........................................................................................................33
5.1 Thermodynamic Considerations .............................................................33
5.2 Stability of Oxides ..................................................................................50
5.3 Liquid Metal Reactive Infusion ..............................................................53
5.3 Quaternary reaction path .........................................................................55
6. Conclusions ........................................................................................................57
References ..............................................................................................................58
Vita .......................................................................................................................62

vii

List of Tables
Table 1 Thermal physical properties of metals (9) ........................................................................ 5
Table 2 Alloy compositions ......................................................................................................... 16
Table 3 Alloy compositions on B4C ............................................................................................ 21
Table 4 Comparison of distance penetrated in B4C ..................................................................... 31

viii

List of Figures
Figure 1 Comparison of melting temperatures of refractory materials (45) .................................. 3
Figure 2 Ellingham diagram showing the formation of borides with B4C additions (10) ............. 6
Figure 3 Ellingham diagram showing the formation of the carbides with B4C additions (10) ..... 6
Figure 4 Ellingham diagram showing formation of oxides calculated from Factsage .................. 7
Figure 5 Y-Y2O3 phase diagram (18)............................................................................................. 8
Figure 6 Zr-ZrO2 phase diagram (18) ............................................................................................ 8
Figure 7 Boron-Carbon binary phase diagram (19) ....................................................................... 9
Figure 8 Hf-B phase diagram (21) ............................................................................................... 10
Figure 9 Y-B phase diagram (20) ................................................................................................ 10
Figure 10 Ti-B phase diagram(21) ............................................................................................... 10
Figure 11 Zr-B phase diagram(21) .............................................................................................. 10
Figure 12 Chemical Stabilities of High temperature oxides (22) ................................................ 11
Figure 13 Cross-sectional view of the Graphite Crucible placed inside an Alumina tube .......... 13
Figure 14 Stability Diagram Al-C-O @1000K (10) .................................................................... 15
Figure 15 B4C sintered at 1973K ................................................................................................. 17
Figure 16 Microstructure of a Al-Sm Alloy (70-30 wt.%) in a graphite crucible ....................... 18
Figure 17 Microstructure of a Al-Sm alloy with the same composition as Figure 16 ................. 19
Figure 18 Al-Hf-Sm (75-20-5 wt. %) alloy ................................................................................. 19
Figure 19 Al-Sm-Ti (80-15-5 wt.%) ............................................................................................ 20
Figure 20 Al-Sm-Ti (80-15-5 wt. %) ........................................................................................... 20
Figure 21 Al-Sm-Zr alloy (75-20-5 wt. %) .................................................................................. 21
Figure 22 Al-Sm alloy Al-Sm (74-26 wt. %) on B4C .................................................................. 22
Figure 23 Al-Sm (85-15 wt. %) on B4C in alumina crucible....................................................... 22
Figure 24 Al-Sm-Ti (75-20-5 wt. %) alloy on B4C ..................................................................... 23
Figure 25 Sm-Al on B4C sintered for 48 hours............................................................................ 24
Figure 26 EDS analysis of a Al-Sm sample................................................................................. 24
Figure 27 EDS analysis of a Al-Sm-Hf (70-20-5 wt %) alloy ..................................................... 25
Figure 28 EDS Analysis of a Al-Sm-Ti (70-20-5 wt %) alloy .................................................... 25
Figure 29 EDS analysis of a Al-Hf-Sm (70-20-5 wt %) sample ................................................. 25
Figure 30 EDS analysis of a Al-Hf-Sm (70-20-5 wt. % sample) ................................................ 25
Figure 31 Al-Sm sample from a graphite crucible....................................................................... 26
Figure 32 XRD plot of a Al-Sm sample in a Alumina crucible................................................... 26
Figure 33 XRD spectrum of a Al-Sm (85-15 wt. %) sample....................................................... 27
Figure 34 X-ray diffraction analysis of a Al-Sm-Ti sample ........................................................ 27
Figure 35 EDX mapping of a Al-Sm-Hf alloy............................................................................. 28
Figure 36 Microstructure of a Al-Sm Alloy ................................................................................ 29
Figure 37 Line scan of a Al-Sm alloy of the microstructure from figure 36 ............................... 29
Figure 38 Microstructure of a Al-Sm-Hf with B4C (80-15-5 wt. %) sample with a line scan .... 30
Figure 39 Line scan analysis of the microstructure Al-Sm-Hf .................................................... 30
Figure 40 Al-Sm with B4C (65-35 wt. %) ................................................................................... 31
Figure 41 Al-Sm-Ti with B4C (80-15-5 wt. %) ........................................................................... 31
Figure 43 Pore network with the phases formed ......................................................................... 32
Figure 44 Aluminum-Samarium binary phase diagram (26) ....................................................... 34
Figure 45 Ti-Al binary phase diagram (28) ................................................................................. 36
ix

Figure 46 Ti-Al binary phase diagram (29) ................................................................................. 37
Figure 47 Al-Zr phase diagram (30) ............................................................................................ 37
Figure 48 Al-Hf phase diagram (31) ............................................................................................ 38
Figure 49 Sm-Ti phase diagram (32) ........................................................................................... 39
Figure 50 Ti-C binary phase diagram (21) .................................................................................. 40
Figure 51 Al-B binary phase diagram (33) .................................................................................. 40
Figure 52 Al-C phase diagram (34) ............................................................................................. 40
Figure 53 Samarium-Boron phase diagram (36) ......................................................................... 41
Figure 54 Sm-C binary phase diagram (29) ................................................................................. 42
Figure 55 Al-B-C ternary phase diagram @1273K (39) ............................................................. 44
Figure 56 Sm-C-O ternary phase diagram @1800K computed in Factsage................................ 44
Figure 57 Al-B-C @1973K (computed from Factsage) .............................................................. 45
Figure 58 Ti-B-C Phase diagram at 1600°C (21) ........................................................................ 46
Figure 59 Sm-O-C phase diagram @ 1500K (38) ....................................................................... 46
Figure 60 Sm-Al-B@2050K (Computed from Factsage) ............................................................ 47
Figure 61 Y-Al-C system@ 800 K (41)....................................................................................... 48
Figure 62 Sm-Al-C @2050K computed in Factsage ................................................................... 49
Figure 63 Sm-Al-B4C @2050K (computed in Factsage) ............................................................ 49
Figure 64 Oxygen Equilibrium pressures (Data from Factsage) ................................................. 50
Figure 65 Stability diagram of a Ti-C-O at 1823K (Computed in Factsage) .............................. 51
Figure 66 Stability diagram of Sm-C-O system at 1823K (Computed in Factsage) ................... 52
Figure 67 Stability diagram of Al-C-O @1973 K (29)................................................................ 52
Figure 68 Al-C-O ternary @2000K (43) ..................................................................................... 53
Figure 69 Sm-C-O ternary phase diagram ................................................................................... 53
Figure 70 Stability of the Carbides (44) (HSC V8) ..................................................................... 55
Figure 71 Stability of Borides (44) (HSC V8) ............................................................................. 55
Figure 72 Possible reaction path of Al-Sm liquid/B4C with SmB4 forming first ........................ 56
Figure 73 Possible reaction path of Al-Sm liquid/B4C with Al3BC forming adjacent to liquid . 56
Figure 74 Possible reaction path of liquid/B4C with Al3BC/AlB2 stability ................................. 56

x

1. Introduction
1.1. MOTIVATION
Metal matrix composites, ceramic composites and intermetallics have become the core
materials to attain the strength at ultrahigh temperatures needed (>1873K) for turbine engines
and hypersonic surfaces.

The successful integration of an ultrahigh-temperature, ceramic

composite (UHTCC) for these applications requires careful and optimal consideration of
processing, mechanics and oxidation. Although the usage of the ZrB2-SiC has succeeded at
ultrahigh temperatures primarily because of the protective dual scale of ZrO2 and SiO2 (1, 2),
silica vaporization becomes significant at 2500 K as Bronson and Chessa (3) have reported.
They determined that the vaporization of rutile is 0.23 mm/s dramatically less than silica (207
mm/s) at 2500 K. Although the ultimate goal of the research endeavor is to design oxidizing
scales for ceramic-ceramic composites (CCC), the processing of these reactive metals and nonmetals must be improved dramatically to control the eventual development of the oxide scale.
Reactive infusion of liquid metal into carbide packed bed is envisioned as the key processing
technique for creating and designing ultrahigh temperature composites with near-net shape
configurations. A critical path toward reactive infusion of the liquid metal rests on its dynamic
reactive wetting onto the pores of the packed bed and subsequent reactions.

Hence, this

dissertation involves a study of the thermodynamics and kinetics of reactions at high
temperatures involving phase equilibria, interfacial reactions and surface tension-driven flow.

1.2 IMPACT, OBJECTIVES AND SCOPE OF INVESTIGATION
Impact -- The research integrates primarily thermodynamics and reactive wetting
kinetics to optimize the processing avenues for Al-Sm-Ti alloy infusion into a B4C packed bed to
acquire controlled reactivity. The Al-Sm-Ti system was selected because of the limits in
1

temperature reached by the MoSi2 furnace. Aluminum used as a carrier for Sm and Ti, the key
impact is to determine the reactivity of Sm as it penetrates into the pores of the packed bed of
B4C. Another impact of the proposed research will be to predict the CCC by optimizing the
liquid alloy flow with surface tension and viscosities through a packed bed. The additional
impact is the predictability of the mass transfer resulting from the temperature gradient
developed from the significant exothermic reaction between liquid Al-Sm-Ti and B4C. With the
predictability of phases and their position resulting from the reactive infusion, the products
developed at controlled regions of the composite would benefit the protective characteristics of
scale ensuing from oxidation of the boride-carbide composite.
Objectives -- The objective of the investigation is to study the Al-Sm-Ti alloys/B4C
reactions driven by thermodynamics and kinetics to design a boride-carbide composite through
the following two integrated research thrusts:


Investigate the effect of composition and surface tensions of liquid Al-Sm-Ti alloys to
predict their infusion into a B4C packed bed by strategic experimentation;



Investigate the effect of the temperature gradient on the dynamics of reactive wetting.

2

2. Background
Application of materials for use at ultra-high temperatures (>2000⁰C) usually have
melting temperatures of the order of 3000⁰C or higher and are classified as ultra-high
temperature ceramics (UHTC’s). Under these criteria of classification only a few borides,
carbides and nitrides of early transition metals can be used as UHTC’s. Borides of the titanium
family, or group IVA of the periodic table, (e.g., ZrB2 & HfB2) have high melting temperatures
(>3000⁰C),

high

electrical

conductivity (107S/m), hardness
(>20GPa)

and

thermal

conductivity (60-120 W/m-K)
(4). Also the high thermal
conductivity of HfB2 and ZrB2
enables significant heat removal
from

the

leading

edges

of

hypersonic aerospace vehicles
and

atmospheric

reentry

of

Figure 1 Comparison of melting temperatures of
refractory materials (45)

vehicles. These materials offer resistance to oxidation in high temperature environments due to
the formation of HfO2 and ZrO2 scales. Conditions such as reentry of aerospace vehicles in
extreme environments require materials with good oxidation resistance, chemical inertness and
high melting points. Among borides of group IVA, ZrB2 has the lowest theoretical density which
is preferred for aerospace applications (5).
Group IVA metal (Ti, Zr) borides, carbides and nitrides possess high chemical stabilities
as well as sufficient hardness to increase their wear resistance (6). Upon oxidation, boria forms
3

and is more advantageous over the oxides since the B2O3 promotes sintering and self-healing of
the coating as a result of the boria liquid sealing pores and cracks to minimize oxygen ingress. In
the present synopsis, the oxidation and processing of boride ceramic composites are interrelated
and are reviewed as the scale growth of the protective scale depends strongly on the substrate
formed during the preparation. To gain an understanding of the scale growth, the structure,
diffusivity of components and phase equilibria are reviewed. The phase equilibria also become
integral in predicting the phases involved during ultra-high temperature exposure. During the
processing, the boride, carbide and oxide components will change with time and temperature,
depending on the extent of reactions approaching equilibrium or local equilibrium. In very few
processing techniques do transient reaction develop, so irreversible thermodynamics will not be
focus of the present work. The core phases after the oxidation of HfB2 or ZrB2, is HfO2 or ZrO2
respectively involve the cubic (or fluorite) and tetragonal structures.
2.1

THERMODYNAMIC CONSIDERATIONS
The surface tension of elements used in the system plays an important role of liquid metal

infiltration into a packed bed. The concept of wetting of solids by liquid metals on metal matrix
composites has been extensively investigated over the last few decades. A review covered by
Delannay et al (7) explains the concept of wetting of various types of solids including metals,
oxides, carbon and carbides. The ratio of surface tension to viscosity plays an important role in
predicting the penetration into the packed bed (8).
The chemical interaction to form covalent metal-carbon bonds to form carbides is
contributed by the wetting which directly is dependent on the formation of bonds across the solid
–liquid interface as an example of carbon by aluminum. There is a need to increase the wetting
and decrease the contact angle of the liquid metal on the substrate temperatures of higher than
4

900 °C for aluminum. In order to achieve increased penetration rate the aluminum is alloyed
with other transition metals or increased temperature is needed.
Table 1 Thermal physical properties of metals (9)
Element
Hafnium
Titanium
Samarium
Yttrium
Zirconium
Aluminum
Nickel

Melting
Temp.
(°C)
2231
1668
1074
1522
1855
661
1455

Parameters at Melting Temperature
Surface Tension
Viscosity (ηmp)
Density (ρmp)
(σmp) N∙m-1
x10-3kg∙m-1∙s-1
x103kg∙m-3
1.614
5.12
12.00
1.557
4.42
4.208
0.430
2.29
7.015
0.804
4.54
4.150
1.500
4.74
6.240
0.871
1.38
2.375
1.781
4.7
7.81

σ/η
m∙s-1
315.2
352.3
188.1
177.1
316.5
631.6
378.9

2.1.1 Ellingham Diagrams
Ellingham diagrams show the reaction of metals with the borides or carbides using the
free energy of formation (ΔG°), as shown on the y-axis of Figure 2 and Figure 3. These indicate
the relative stabilities of formation of borides and carbides with transition metals such as Hf, Zr
and Ti with respect to temperature. Stability of the borides decrease in the order of
HfB2>TiB2>ZrB2 where the least stable borides have the lowest energy of formation as shown in
the Figure 2. Similarly for the carbides stability of HfC>ZrC>TiC>TaC>SiC as shown in Figure
3.

5

Figure 2 Ellingham diagram showing the
formation of borides with B4C additions (10)

Figure 3 Ellingham diagram showing the
formation of the carbides with B4C additions
(10)

2.1.2 Liquid Zr and Hf processing with B4C
Boron carbide is the third hardest material after cubic boron nitride and diamond. It has
good chemical stability, neutron absorption capability and stability to ionizing radiation (11).
Pressureless sintering techniques in order to have higher density are difficult without the addition
of additives such as Carbon, TiB2 Al2O3, AlF3, W2B5 and SiC (12). As reported by Speyer,
heating of B4C at elevated temperatures in inert atmospheres such as argon showed the presence
of B2O3 on the B4C particles. This has its own positives and negatives of the formation of B2O3.
Boria which is a white glassy solid can be used as a sealant at higher temperatures similar to
SiO2. At higher temperatures (1200°C -1600°C) vapor pressure of B2O3 increases and vaporizes
above 1800°C The reaction between Zr and B4C, Hf and B4C can be explained using the
Ellingham diagram (Figure 4) in which their relative stabilities indicate Zr and Hf would draw
the boron from B4C according reaction 1.
6

3Zr(l) + B4 C → 2ZrB2 + ZrC

(1)

The process of reactive alloy penetration/infiltration (the reaction between Zr and B4C)
extends the findings of Johnson et.al. (13). Pure Zr was placed on top of B4C, which melt at
1852⁰C and reacts with B4C leading to the formation of ZrB2/ZrC/Zr. The amount of excess Zr
melt can be controlled in the previous steps. Here the boron carbide is completely consumed to
resulting in the formation of ZrB2
and ZrC. Diborides can be processed
in a variety of methods using
reduction processes, chemical routes
and reactive processes.
Similarly for Hf the reaction
sequence occurs as below and the
reactions possess ΔG1000 values of
126

kJ/mol

respectively

and

-630

indicating

kJ/mol

both

Figure 4 Ellingham diagram showing formation of
oxides calculated from Factsage

the

reactions is thermodynamically favorable (14). HfB2 is a very stable material with the free
energy of formation, ΔG=-312 kJ/mol (@1800 K). The powders of it can be effectively densified
in the presence of sintering aids at lower temperatures (15).
Applying the technique of reactive metal penetration, which is demonstrated by Saiz et,al
(16) the processing of Al-Si/Al2O3 composites which essentially converts the monolithic ceramic
preform into a metal ceramic composite. The reaction of molten Aluminum with mullite results
in the formation of Al2O3 with an Al-Si alloy, according to the following reaction.
7

3(Al2 O3 . 2SiO2 ) + (8 + x)Al → 13Al2 O3 + AlX Siy + (6 − y)Si

(2)

With a SiC as filler material the reaction proceeds as shown below resulting in the
formation of an Al2O3/Al/SiC.
2.2 PHASE EQUILIBRIA CONSIDERATIONS
The present research primarily studies the reactivity of Al-Sm-Ti alloys with B4C, but
only a limited amount of phase diagrams exist with Sm oxides, Borides and carbides. Hence to
acquire an understanding of Sm compounds a few phase diagrams of Ti, Y and Zr systems are
presented. The behavior of Sm chemically reacts similar to the Yttrium, so Sm-Sm2O3 although
not found would have the same characteristic as the Y-Y2O3 system. α-Y (hcp) and β-Y (bcc) are
the 2 allotropic forms of Yttrium which can dissolve considerable amounts of oxygen which
melts at 1795K as shown in the Figure 5, in which the stable oxides are α-Y2O3 and βY2O3.Tetragonal ZrO2 is stable above 1200⁰C whereas the addition of Y3+ to it stabilizes the
cubic phase (defect fluorite) as shown in Figure 5 (17).

Figure 6 Zr-ZrO2 phase diagram (18)

Figure 5 Y-Y2O3 phase diagram (18)

8

Binary and ternary phase diagrams need to be considered for determining the alloy melt.
Pure HfO2 (monoclinic) when doped with rare-earth cations such as Y3+ (trivalent ions) tends to
form pyrochlore type structures. Zirconia is a polymorphic ceramic material, which exists, in
three structural forms. It is monoclinic (<1413K), tetragonal (1413K to 2643K) and cubic
(>2643K). In order to retain its cubic/tetragonal forms at room temperature it can be alloyed with
other oxides i.e. Y2O3 above.

Figure 7 Boron-Carbon binary phase diagram (19)
B4C has high melting point, good thermal stability, high hardness and low density. The
Boron rich part of the phase diagram in the Figure 7 shows solubility of 1 at% Carbon in βrhombohedral boron suggesting a peritectic reaction.
The diborides of Zr, Hf and Ti have a very high melting point of 3244°C, 3380°C and
3225°C respectively; according to the phase diagrams as shown in Figure 11, Figure 8 and
Figure 10. Boron has a higher affinity to metals when compared with carbon as it forms simpler
phase relations. The non-stoichiometric composition of ZrB2 on x-axis is ~1 at % Boron less than
with β-Zr having 1.5 at% B limiting solubility at the eutectic temperature of 1662⁰C. With

9

reference to Figure 11 solubility of Zr in β-B is small about 1 at %@2133K and increases with
temperature.

Figure 8 Hf-B phase diagram (21)

Figure 9 Y-B phase diagram (20)

Figure 10 Ti-B phase diagram (21)

Figure 11 Zr-B phase diagram (21)

At ~880°C, α-Zr transforms to β-Zr+ZrB2 by peritectoid decomposition. Two boride
compounds exist in the temperature range of 1696-2062⁰C (ZrB12) and 800-1250⁰C (ZrB).
However, for the HfB2 system the HfB is stable from room temperature to the eutectic
temperature of 2099°C. For the Ti-B phase diagram TiB2 melts at 3225⁰C as shown in Figure 10.
10

The addition of Boron does not have any effect on the α-β transformation temperature of
titanium with a formation of eutectic between TiB and β-Ti at 1540°C. In contrast, Figure 9
shows that YB2 melts congruently at 2100⁰C with YB4 having a maximum melting temperature
of 2800⁰C.

Figure 12 Chemical Stabilities of High temperature oxides (22)
For oxide stability the Ellingham diagram depicts that Sm/Sm2O3 is the most stable. The
Y2O3 and the HfO2 appear adjacent to Sm2O3. To acquire a sense of the oxygen potential Janke
(22) compared the stability of ZrO2, HfO2 Y2O3 and ThO2 as shown in the Figure 12.
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3: Experimental
3.1 ELEMENTS
Boron carbide powder (99.9 wt. %, <10µm in size), zirconium foil/slugs (99.5 wt. %,
1.5g/slug), yttrium pieces/foil (99.9 wt.%), hafnium foil (99.5 wt.%), titanium slugs (99.98%),
titanium foil annealed (99%), samarium pieces sublimed dendritic (99.9%), titanium sponge
(99.9%) aluminum wire annealed (99+ %) (from Alfa Aesar), Aluminum discs of grade 6061
(from Mcmaster Carr), graphite rods medium and fine extruded (from graphitestore), Alumina
tube of AD-998 material (from Advalue technologies), Argon gas of grade ultrahigh purity
(UHP, from Syoxsa) were used for experiments. The flow rates for the argon gas were measured
with a flow meter with an accuracy of ± 0.01L/min. Aluminum wire was also pre-melted to
coalesce to a desired size needed for the experiments as the wire developed a thin oxide layer
impending the liquid flow. Alloys of Al-Sm and Al-Sm-Me were pre-melted to infuse into the
B4C. In addition, elements were charged to the crucibles containing B4C.
Two 20% Rh/Pt Vs 40% Rh/Pt thermocouples controlled and monitored the temperature
of the MoSi2 furnace. One additional thermocouple of the same composition was used to measure
temperatures at the bottom and the hot zone in the furnace. The temperature profile was
determined by initially placing the additional thermocouple next to the hot zone and readings
were acquired connected to a rms multimeter (made by Fluke) and further dropped by one inch
to acquire additional readings.
Microstructure was characterized by using a Hitachi S4800, field-emission scanning
electron microscope (SEM) with backscattered electrons, Keyence VHX 600 optical microscope
and tabletop SEM equipped with (Electron Dispersive Spectroscopy). For Xray diffraction,
aBruker, a D8 Xray diffractometer was used to obtain x-ray diffraction patterns and EVA was
used to determine the peaks.
12

3.2 SAMPLE PRELOADING PREPARATION
A graphite enclosure served to
isolate a pseudo-isopiestic thermodynamic
system. B4C powder was placed in
graphite rods in which holes were drilled
of required size of 11mm in diameter and
12.7mm in length. Subsequently B4C was
lightly tapped for compaction. Elements
of required composition was placed over
the B4C powders. These samples were
placed in graphite crucibles covered with
graphite caps and located at the top of the
graphite rod within a graphite enclosure as
shown in Figure 13. Aluminum discs was

Figure 13 Cross-sectional view of the Graphite
Crucible placed inside an Alumina tube

placed at the bottom of the enclosure and the entire graphite enclosure setup was placed inside a
alumina crucible and subsequently inserted into a Al2O3 tube.
The samples are placed in the top part of the graphite crucible packed with a B4C bed,
which is in hot zone of the furnace (~1750°C). The solid rod present inside the crucible can
accommodate 2 layers of 4 samples each in the hot zone. The liquid Me and B4C particulates are
made to react at the temperatures of 1500° to 1700⁰C to acquire a pore free composite
MeB2/MeC/Me. Hf and Zr pellets was used to reduce the pyrophoric tendency of their powders.
A constant flow of deoxidized argon gas with a flow rate of 0.25L/min was maintained to have
an inert atmosphere in order to reduce the oxidation of Al, Sm, Ti and B4C during temperature

13

ramping as well as to reduce the oxidation of graphite. The use of a pressureless process has
higher near-net shaped possibilities in the liquid metal reacting with a non-metallic compound.
The Aluminum melt served as the carrier media for the samarium as it melts at 1345 K. Graphite
enclosure is used for the processing of the composite which is shown in the Figure 13. Towards
the bottom is the zone where the Al melt takes place to seal the crucible thus providing us the
required 𝑃𝑂2 needed for controlling the oxidation potential of the system. The oxidation
potentials will be fixed w.r.t Figure 14. Argon gas was passed through titanium sponge which is
heated at 600°C in small tube heaters to extract residual moisture from the gas which is
subsequently passed through alumina tube to flush out residual oxygen in the system and
bubbled through dibutyl phthalate to prevent the back flow of air. The hollow alumina tube is
equipped with cooling jigs at both ends with running cooling water for the silicon gasket and
sealed with vacuum grease.
3
2Al + O2 = Al2 O3
2
3
4Al + O2 + CO = Al4 CO4
2
3
2Al2 O3 + CO = Al4 CO4 + O2
2

(3)
(4)
(5)

The oxidation potential as determined by Maheshwaraiah, Sandate and Bronson (10) is
controlled by liquid Al from 600°C to 1000°C with less vaporization of Al. The triple point as
shown in the stability diagram in Figure 14 is established by the following reactions 3, 4 and 5.
The Aluminum present at the bottom of the graphite plug will melt at 660°C and seal the crucible
and establish an oxygen potential within the enclosure depending on its temperature (10 -47atm at
1000K). The particular crucible is designed such that we can have a temperature difference from
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the hot zone at the top to the Al melting temperature (660°C) at the bottom. The graphite
enclosure is placed in a stabilized-ZrO2 crucible obtained from Zircoa.

Figure 14 Stability Diagram Al-C-O @1000K (10)
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4. Results
4.1 MICROSTRUCTURES
Alloys with Al-Sm, Al-Sm-Zr, Al-Sm, Ti, Al-Sm-Zr are shown in the table below with
the following compositions based on the binary phase diagrams.
Table 2 Alloy compositions
Alloy

Composition (wt. %)

1

Al-Sm

70-30

2

Al-Sm-Zr

75-20-5

3

Al-Sm-Ti

80-15-5

4

Al-Sm-Hf

75-20-5

Figure 15 shows a sintered microstructure of B4C processed at 1700°C. A microstructure
of Al-Sm alloy is shown in Figure 16 composed of Al-Sm (70-30 wt. %). It shows a eutectic
structure of Al-Al3Sm surrounded by aluminum. Figure 17 shows the formation of SmC2 along
the enclosing graphite crucible, which follows the stability of the carbides (Figure 70). Figure 21
shows the microstructure of the Al-Sm-Zr alloys with the formation of ZrC in the system, which
look like Hexagonal structures as indicated in the figure.
Figure 22 to 25 shows the microstructures of the Al-Sm alloys after its reaction with B4C.
In the Figure 35 which shows the edax mapping of Al-Sm-Hf alloy indicating that Hf allowed to
reach a saturated solution. Al3Sm-Al eutectic was the microstructure. The Hf dissolved in minor
amounts into the Al-Sm melt with the large Hf precipitate or undissolved Hf on the left side. The
undissolved Hf also is described in the microstructure of the alloy (Figure 18). Figure 26 to 30
shows the EDS spectrums of Al-Sm and its alloys only. Figure 31 to 34 shows the XRD
spectrum of the Al-Sm alloys with B4C.
Figure 38 and Figure 39 shows the line scan of a Al-Sm-Hf sample indicating the
intensities of the Al, Sm, Hf after reacting with B4C.
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B4 C

Figure 15 B4C sintered at 1973K

17

Al-Al3Sm
eutectic
structure
Al3Sm
Graphite

Figure 16 Microstructure of a Al-Sm Alloy (70-30 wt. %) in a graphite
crucible

18

Al-Al3Sm
(eutectic
structure)
Al3Sm
SmC2
Graphite

Figure 17 Microstructure of a Al-Sm alloy with the same composition
as Figure 16

Al3Sm
Undissolved Hf
Al

Figure 18 Al-Hf-Sm (75-20-5 wt. %) alloy

19

Al3Ti
Al3Sm

Figure 19 Al-Sm-Ti (80-15-5 wt.%)

Al3Sm

Figure 20 Al-Sm-Ti (80-15-5 wt. %)

20

Al3Sm
Al
Graphite
ZrC

Figure 21 Al-Sm-Zr alloy (75-20-5 wt. %)

Table 3 Alloy compositions on B4C
Alloy on B4C
1 Al-Sm
2 Al-Sm in alumina crucible

Composition (wt. %)
74-26
85-15

The following figures 22-25 show the microstructures of alloys on reacting with B4C.
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Al3Sm
AlB2
Al3BC
B4C

Figure 22 Al-Sm alloy Al-Sm (74-26 wt. %) on B4C

Al3Sm
Al
Al3BC
B4C

Figure 23 Al-Sm (85-15 wt. %) on B4C in alumina crucible

22

Al3Sm
Al
Al3BC
B4C

Figure 24 Al-Sm-Ti (75-20-5 wt. %) alloy on B4C

23

Al
Al3BC
B4C
AlB2
Al-Sm

Figure 25 Sm-Al on B4C sintered for 48 hours
4.2 XRD, EDS RESULTS
The EDS spectrums from a tabletop SEM is shown in the following figures 26-30. XRD
plots are shown in the figures 31 to 34. An EDAX mapping is of a Al-Sm-Hf alloy is shown in
the Figure 35 indicating undissolved Hf on the left side of the figure.

Figure 26 EDS analysis of a Al-Sm sample
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Figure 27 EDS analysis of a Al-Sm-Hf (70-20-5 wt. %) alloy

Figure 28 EDS Analysis of a Al-Sm-Ti (70-20-5 wt. %) alloy

Figure 29 EDS analysis of a Al-Hf-Sm (70-20-5 wt. %) sample

Figure 30 EDS analysis of a Al-Hf-Sm (70-20-5 wt. %) sample
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Figure 31 Al-Sm sample from a graphite crucible

Figure 32 XRD plot of a Al-Sm sample in a Alumina crucible

26

Figure 33 XRD spectrum of a Al-Sm (85-15 wt. %) sample

Figure 34 X-ray diffraction analysis of a Al-Sm-Ti sample
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Figure 35 EDAX mapping of a Al-Sm-Hf alloy
The Figure 36 shows a microstructure of a Al-Sm alloy on which a line scan (Figure 37)
was done across a Al-Sm eutectic structure. Figure 38 shows the microstructure of a Al-Sm-Hf
alloy on which a line scan was done showing the direction of travel from the outer edge of the
graphite crucible towards the middle of the sample. Figures 40 to 43 shown the cross section of
the samples analyzed for measurements on a keyence microscope with the penetration distances
averaged. These show a varied rates of the reaction front. Compositions and the sample
processing times are shown in the Table 4.
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Figure 36 Microstructure of a Al-Sm Alloy

Figure 37 Line scan of a Al-Sm alloy of the microstructure from figure 36
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Figure 38 Microstructure of a Al-Sm-Hf with B4C (80-15-5 wt. %) sample with a line scan

Figure 39 Line scan analysis of the microstructure Al-Sm-Hf
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Figure 40 Al-Sm with B4C (65-35 wt. %)

Figure 41 Al-Sm-Ti with B4C (80-15-5 wt.
%)

Figure 42 Al-Sm-Zr (80-15-5 wt. %)
Table 4 Comparison of distance penetrated in B4C
Time(days) Alloy
4
2
2

Al-Sm
Al-Sm-Zr
Al-Sm-Ti

Composition (wt. %)
65-35
80-15-5
80-15-5
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Avg height of
unreacted B4C (µm)
1601.32
1530.43
957.89

Avg penetrated
distance (µm)
1898.67
1969.57
2542.10

4.3 REACTIONS
The different reactions taking place in the system are shown in the following equations.
The formation of different compounds as detected by the XRD spectrums varies with the alloys
reacting with the B4C.
αAlB12 + L ⇔ Al3 B48 C2 + AlB2

(6)

Al3 B48 C2 + L ⇔ AlB2 + Al3 BC

(7)

4Al(l) + 3C(s) → Al4 C3

(8)

Sm(l) + B4 C → SmB4 + C

(9)

Sm(l) + B4 C → SmB4 + SmC2

(10)

3SmB4 (s) → 2SmB6 (s) + Sm(g)

(11)

𝐶𝑜𝑜𝑙𝑖𝑛𝑔

→
𝑆𝑜𝑙𝑖𝑑 1
←

(12)
𝑆𝑜𝑙𝑖𝑑 2 + 𝑙𝑖𝑞𝑢𝑖𝑑

𝐻𝑒𝑎𝑡𝑖𝑛𝑔

Figure 43 Pore network with the phases formed
The pore network as shown in the Figure 43 describes the phases formed in the path of
the Al-Sm liquid flowing through the pores of B4C. As a result of the liquid flow results in the
formation of a eutectic, which on further reacting with the surface of the B4C particulates.
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5. Discussion
5.1 THERMODYNAMIC CONSIDERATIONS
In investigating systems for ultrahigh temperatures, the elements usually involve high
melting points greater than 1600°C, Zr melts at 1855°C, Hf melts at 2233°C and Ti at 1668°C.
For the present study Hf, Ti and Zr were considered as minor additions to Al-Sm alloys. These
were selected because of the reactive elements, which is best depicted on Ellingham diagram for
oxides as shown in the Figure 64. In comparison with SiO2 the standard gibbs free energies of
HfO2, Y2O3 and Sm2O3 are more negative indicating their considerable stability in the diagram.
In the next two sections the phase equilibria of Al-Sm and alloys of Al-Sm are explained as a
result of the microstructure and the effects of minor additions to the Al-Sm alloy.
5.1.1 Al-Sm
Samarium has a melting temperature 1074°C which is significantly higher than Al
(660°C). These combinations of alloys are of interest because of its high electrical conductivity
(23). Similar to the other binary systems with Al, samarium also forms intermetallics in
combination with Al and has low solid solubility (24). A binary phase diagram of the Al-Sm
system is as shown in the Figure 44. Some of the eutectic compositions have not been
determined completely and have been estimated as shown in the phase diagrams. Delsante et al
reported large crystals of Sm3Al11 formation with liquid droplets as a result of the catatectic
reaction. Catatetic reaction, which was proposed, by Wagner and Rigney (25) is shown in the
reaction 12.
For the Al-Sm system, Zhou and Napalitano reported the catatectic reaction with the
Al4Sm-β (tetragonal) forming Al3Sm-δ (hexagonal) as shown in the reaction 13.
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𝐶𝑜𝑜𝑙𝑖𝑛𝑔

→
𝑆𝑜𝑙𝑖𝑑 1
←

(12)
𝑆𝑜𝑙𝑖𝑑 2 + 𝑙𝑖𝑞𝑢𝑖𝑑

𝐻𝑒𝑎𝑡𝑖𝑛𝑔
→

(13)

or Al4 Sm − β ← Al3 Sm − δ + Liquid
Tetragonal

Hexagonal

The liquid Al-Sm should precipitate the SmAl3 + Al eutectic structure with decreasing
temperatures.
The microstructure obtained for a Al-Sm (70-30 wt. %) is as shown in the Figure 16 a
hypo eutectic structure with large precipitates of Al3Sm with a eutectic structure of Al+Al3Sm
phases was deduced from the Al-Sm phase diagram of Figure 44. As described by Zhou and
Napolitano, also reported on the precipitation of the metastable Al11Sm3-α phase which was
determined to decompose sluggishly to Al3Sm-δ (hexagonal). The x-ray spectrum as shown in
the Figure 32 indicated the Al3Sm-δ and Al4Sm-β for the present study.
α- Al11Sm3- α
β- Al4Sm
δ- Al3Sm
σ- Al2Sm
fcc- Al

Figure 44 Aluminum-Samarium binary phase diagram (26)
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5.1.2 Minor additions of Ti, Zr and Hf to Al-Sm alloys
The major phase precipitated by adding Ti, Zr and Hf to the Al-Sm alloys is the Al3Sm as
apparent from the phase diagrams of Ti-Al, Zr-Al and Hf-Al systems as shown the following
figures.
The Ti-Al system has been the intermetallic system most studied for its formation of
titanium aluminides which are potential candidates as light weight high temperature materials
which is attributed to the presence of the formation of strong Ti-Al bonds which leads to the
availability of the Al atoms for oxidation on the surface. Also they exhibit excellent resistance to
creep, which are associated with diffusion. For intermetallics, the Ti-Al phase diagram as shown
in the Figure 45 shows a range of stoichiometry of TiAl in comparison to the TiAl2, Ti3Al5 and
TiAl3.
In studying intermetallics their phase diagram is sometimes unavailable but a suggested
diagram can be determined by using Factsage as shown in Figure 45. However, in comparing the
Factsage Ti-Al phase with the available published diagram as shown in the Figure 45, the entire
range of stable phases does not agree with Factsage as shown in the Figure 46. Although the
accuracy of the phase diagrams increase with improving thermodynamic data, the formation of
this intermetallic phases depart strongly from an ideal system as reported by Rahmel and Spencer
(27).
For minor additions of Zr in Al, the melting point of Zr (1855°C) certainly decreases as
evident from the Al-Zr phase diagram with the lowest eutectic forming at 1350°C as shown in
Figure 47. With only 5 at% Zr in the present study the Al3Zr should form in the alloy of Al-SmZr. For minor additions of Zr in Al, the melting point of Zr (1855°C) certainly decreases as
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evident from the Al-Zr phase diagram, Figure 47 with the lowest eutectic forming at 1350°C.
With only 5 at% Zr in the present study the Al3Zr should form in the alloy of Al-Sm-Zr.

Figure 45 Ti-Al binary phase diagram (28)
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Figure 46 Ti-Al binary phase diagram (29)

Figure 47 Al-Zr phase diagram (30)
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Figure 48 Al-Hf phase diagram (31)
For minor additions of Zr in Al, the melting point of Zr (1855°C) certainly decreases as
evident from the Al-Zr phase diagram, Figure 47 with the lowest eutectic forming at 1350°C.
With only 5 at% Zr in the present study the Al3Zr should form in the alloy of Al-Sm-Zr.
Hafnium has the higher melting temperature among the elements chosen here. The Al-Hf system
is also similar to the Al-Zr system, which results in intermetallics with increasing content of Hf
which also needs higher temperatures to form. Similar to other elements Hf with Al forms
intermetallics such as Al3Hf, Al2Hf, Al3Hf2, AlHf, Al3Hf4, Al2Hf3, and two low temperature ones
Al3Hf5 and AlHf2. Hf has a maximum solid solubility of 0.18g at % at 935 K.
5.1.3 Phase equilibria of Ti, Zr and Hf with Sm
5.1.3.1 Sm-Ti
Samarium Ti has a very limited amount to for melt as Ti does not melt beyond 5mol%Ti.
Since the solubility of Hf in Al and Sm in Ti is very small so minor additions of 5 at% of Hf and
Ti are only considered to be added to the alloy mixture.
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Figure 49 Sm-Ti phase diagram (32)
5.1.3.2 Sm-Zr &Sm-Hf
There is no reported phase diagram for the Sm-Zr and Sm-Hf system.
5.1.4 The effect of carbon and boron on Al-Sm-M systems
As summarized in the introduction section, the major compounds having temperatures
greater than 2700°C are the carbides and borides. In the following sections phase equilibria of
the components involved in the present study are discussed to explain the microstructural
evolution starting with the binaries and then ternary systems.
Phase equilibria of binary systems
The phase equilibria is described with the binary phase diagrams in the following
sections.
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5.1.4.1 Ti-C
There is very low solubility of C
(<5at %) in α & β Ti as shown in the binary
phase diagram for Ti-C in the Figure 50.
Also

the formation

of TiC

exceeds

temperatures of 2000K. The formation of
TiC is a highly exothermic reaction with an
enthalpy of -100 kJ at the melting

Figure 50 Ti-C binary phase diagram (21)

temperature of Ti (1941K).
5.1.4.2 Al-B and Al-C binary phase diagrams
The aluminum-boron phase diagram shown in the Figure 51 indicates only the two stable
borides AlB2 and AlB12, which are formed with the increased boron content in the system. In
comparison, the Al-C phase diagram indicates only the Al4C3 compound melting at 2446 K
(2173 °C), at which the carbon solubility of 18.9 at. % occurs.
Formation of Al4C3 is undesirable as it is poor mechanical properties and hygroscopic in

Figure 51 Al-B binary phase diagram (33)

Figure 52 Al-C phase diagram (34)
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nature (35). The Al4C3 formation has been reported before when the Al reacts with the excess
carbon in the system. The enthalpy of this reaction at 1973K is -265 kJ, which indicates the
reaction is exothermic.
5.1.4.3 Sm-B and Sm-C Binary Phase Diagrams
The samarium-boron phase diagram a few borides such as SmB4, SmB6 and SmB66 in
which the peritectics of SmB4 and SmB6 are estimated. SmB2 which is not shown on the phase
diagram has only been reported to form at high pressures (6.5Gpa) (36). SmB6 has a congruent
reaction with the liquid with a reported temperature of 2580°C. Similarly the SmB6 with on
reaction with the liquid is further leads to the formation of αSmB66 with a peritectic temperature
of 2150°C.
3SmB4 (s) → 2SmB6 (s) + Sm(g)

(9)

For the Al-Sm-Me reaction with B4C, one must consider the Sm gas formation as shown
in reaction 9. The XRD spectrums show the presence of the samarium hexaboride (SmB6), which
may be the result of tetra boride to hexaboride conversion as described by Sturgeon and Eick

Figure 53 Samarium-Boron phase diagram (36)
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(37). The formation of SmB6 results in endothermic reaction (ΔH= 1247 kJ @1973K) but the
gibbs free energy indicating a favorable reaction (ΔG=-311 kJ). However, in the present study
Sm vapor was not observed though possible.
Samarium forms a brittle dicarbide (SmC2) though very limited research is available for
samarium and its use in alloys. Although a proper samarium–carbon binary system has been
reported, but a review by Gschneider and Calderwood (24) lists more phases (αSm, βSm, γSm,
Sm3C, Sm2C3, αSmC2, βSmC2) in a Sm-C system. The reaction with samarium with boron
carbide results in the formation of SmB4 and C as shown in the reaction 9. The enthalpy of this
reaction is 1973K is -430 kJ indicating the reaction is exothermic but above 1808 K the reaction
is unfavorable as the gibbs free energy of the reaction is positive.

Figure 54 Sm-C binary phase diagram (29)
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From Factsage database, the condensed Sm (Liq) and SmC2 (s) was present Sm2C3 in the
binary phase diagram of a Sm-C system or in the ternary with the Sm-O-C system does not exist
as shown in the Figure 54 and Figure 56 respectively. In the enthalpy data which shows the
formation of Sm2C3 and its vaporization to eventually form Sm (g) and SmC2(s) (38). In the
present experimental study, the alloys composed of Al-Sm (70-30 wt. %) showed x-ray
diffraction peaks for SmC2 as expected from the alloy metals in a graphite crucible.
Sm(l) + B4 C → SmB4 + C

(9)

The Sm-C-O previously reported by Haschke and Deline (38) at a lower temperature of
1500K indicates the presence of intermediate oxycarbide phases, which are nonstoichiometric
with Sm such as SmO0.5C0.4 and SmCy as shown in the Figure 59.
5.1.4.4 Discussion of ternary systems with Al, Sm, Ti with B and C
Ternary phase diagrams provides useful insight in detail as to what phases are present
when it interacts with the other components in the system. Although the melting point of B4C is
high 2763°C it forms eutectics with other transition metals with lower melting temperatures such
as Zr, Ti and Hf.
αAlB12 + L ⇔ Al3 B48 C2 + AlB2

(6)

Al3 B48 C2 + L ⇔ AlB2 + Al3 BC

(7)

The experimentally determined isotherm of the ternary Al-B-C at 1273 K as shown in the Figure
55. At lower temperatures, 1141 K the formation of Al3BC and AlB2 is exists and at
temperatures >1141K AlB2, because of its lower decomposition temperature of 1165K is
replaced by β-AlB12, which is also referred to as Al3B48C2 (39). Though the Al-B4C study
detailed particularly the Al-B-C ternary system, the microstructures clearly indicated the
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coexistence of the AlB2, Al3BC and B4C. However, in conferring with the Al-B system, AlB2
was precipitated after cooling from 1248K as Halverson has reported. Hence at temperatures
greater than 1248K, the AlB2 phase exists.
Also the B4C phases are either slightly
surrounded
suggesting

by

the

seemingly

Al3BC

phase

peritectic

type

reaction or the reaction between liquid Al
and B4C to form Al3BC.

Factsage and SGTE databases
Figure 55 Al-B-C ternary phase diagram @1273K
(39)

used to generate the ternary of Al-B-C @
1800 K is shown in the Figure 57 which

shows the presence of AlB2 and Al4C3 in the system when compared to the Figure 55 with a
lower processing temperature. Also the Factsage does not seem to indicate any presence of
ternary carbides in the Figure 57. The microstructure of Viala research group looks similar to the

Figure 56 Sm-C-O ternary phase diagram @1800K computed in Factsage
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microstructure with the phases Al3BC, AlB2, Al and B4C in the system except the additional Sm
in the system. The quasi-peritectic reaction of the formation of AlB2 and Al3BC is shown in the
reaction 11 (39).

Figure 57 Al-B-C @1973K (computed from Factsage)
Al-B-C phase equilibria, which misses Al3BC and Al8B4C7 as shown in the Figure 57.
The lack of the thermodynamics of ternary compounds changes clearly the internal view of the
ternary system and Factsage calculations should be used only for guidance and not for total
prediction.
Any ternary compounds have not been reported in the Ti-B-C phase diagram. The
reaction of Ti with a B4C system similar to the Zr and Hf systems except that it results in the
formation of 3 stable borides TiB2, TiB and Ti3B4 but is more dominated by the stable diboride
TiB2.
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Figure 58 Ti-B-C Phase diagram at 1600°C (21)
At Higher temperatures (>2000°C) Ti (liq) reacts with TiB2 to form mono-carbides (TiC)
and borides (TiB) of Ti. As the Boron content increases the system leans toward forming more of
TiB and TiB2 and as carbon content increase results in TiC formation as shown in the ternary
phase diagram by Rudy. As reported by
(40), the Ti system has to go through
the reaction pathway go Ti, TiB/TiC/Ti,
TiB/TiC, TiB2/TiC, TiB2/B4C/C and
B4C. To overcome this melting of TiB
higher

temperature

required (40).

Figure 59 Sm-O-C phase diagram @ 1500K (38)
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(>2190°C)

is

5.1.4.5 Sm-Al-B
The exploratory phase equilibria of the Sm-Al-B and the Sm-Al-C systems determined
with Factsage calculations show no ternary compounds as shown in Figure 60.
1

LIQUID + B(s) + AlB12(s)

2

LIQUID + AlB12(s)

3

gas_ideal + AlB2 (s) + AlB12 (s)

4

gas_ideal + Liquid + AlB12 (s)

5

gas_ideal + AlB2 (s)

6

gas_ideal + LIQUID + AlB2 (s)

7

gas_ideal + liquid

8

Liquid

9

LIQUID + AlB2 (s)

Figure 60 Sm-Al-B@2050K (Computed from Factsage)
Factsage calculation also does not show surprisingly any intermetallics with the Sm and
Al system, as clearly evident from the Al-Sm phase diagram in Figure 44. At 2050K shows the
formation of AlB2 and AlB12 phases, which correspond with the result obtained but AlB2 should
not exist at 2050K according to the Al-B phase diagram (Figure 51). When compared with the
Samarium-Boron binary phase diagram (Figure 54), the ternary also does indicate any formation
of borides of Sm such as SmB66, SmB4 or SmB6.
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5.1.4.6 Sm-Al-C
Similar to the system with B, Factsage calculation only shows the formation of Al4C3 that
correspond with the results from the Xray diffraction patterns in the Al-Sm-C system. In
comparison with the Sm-C binary phase diagram (Figure 54) the Factsage diagram does not

Figure 61 Y-Al-C system@ 800 K (41)
indicate any formation of Sm2C3 or Sm3C. Yttrium compounds with carbon are very similar to
the samarium. Aldinger research group (41) also does report ternary compounds for the Al-Y-C
system as shown in Figure 61 as a similar diagram may indicate Sm3AlC and SmAl3C3 may
develop with the Al-Sm-C. The ternary compounds of Sm3AlC and SmAl3C3 may exist at 1000
K but whether these ternary compounds exist at 2050 K is unknown.
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Figure 62 Sm-Al-C @2050K computed in Factsage
5.1.4.7. Sm-Al-B4C
1
2
3
4
5
6
7
8

Figure 63 Sm-Al-B4C @2050K (computed in
Factsage)

9
10
11
12

gas_ideal + LIQUID + AlB2(s) +
SmC2 (s2)
gas_ideal + AlB2(s) + AlB12(s) +
SmC2 (s2)
gas_ideal + B4C + AlB12(s) + SmC2
(s2)
B4C + AlB12(s) + SmC2 (s2)
B4C + AlB2+(s) + AlB12(s) + SmC2
(s2)
B4C + AlB2(s) + SmC2 (s2)
GRAPHITE + B4C + AlB2(s) + SmC2
(s2)
Liquid + AlB2(s) + Al4C3(s) + SmC2
(s2)
Liquid + AlB2(s) + SmC2 (s2)
LIQUID + AlB2(s)
Liquid
LIQUID + AlB2(s) + SmC2 (s2)

Similar to the Al-Sm-C and Al-Sm-B a ternary of Sm-Al-B4C is plotted from Factsage to
see the phases predominant in the Al rich region of the phase diagram. As for the Sm-Al-B4C
shows a very limited amount of liquid as shown in the Figure 63 with its associated table towards
the Al- rich region only. Again the formation of Sm borides such as SmB4, SmB6 and SmB66
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were not given. Also when compared to the binary of the Al-Sm system the intermetallics were
not denoted.
5.2 STABILITY OF OXIDES
The stability diagrams give insight into the estimation of the thermodynamic coexistence
of phases as a function of temperature present in these ternary systems as described here. The
Factsage software was used to determine these stability diagrams of Al, Sm and Ti with their
oxides at temperatures greater than 1500°C. These stabilities also show the partial pressure of
oxygen (𝑃𝑂2 ) needed to keep the metal from oxidation, as shown in Figure 64. For all oxides
except B2O3, below the plot the metal is stable and above the line, the oxide is formed. For the
B2O3, B6O actually forms. Due to the presence of the B4C and graphite interaction with the
residual oxygen in the system leads to the generation of CO (g). Interactions with each metal
used in the system is shown in the Figure 65 and Figure 56 and indicates the stability of the Ti at
lower partial pressures of oxygen which shows a 𝑃𝑂2 >10-22atm from oxidizing to TiO.

Figure 64 Oxygen Equilibrium pressures (Data from Factsage)
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Since Ti has more oxides as described in the review of the phase diagram from Okamoto
(42) more magnelli phases are involved as shown at higher 𝑃𝑂2 of 10-11 atm and above. As for
the Al not to oxidize the stability diagram from the Figure 67 indicates partial pressure of oxygen
greater than 10-18.5 atm. For the samarium 𝑃𝑂2 of 10-24 atm is required not to oxidize to Sm2O3 as
shown the Figure 66. Also Factsage still does not seem to indicate any presence of Sm2C3 in the
system with Sm-C-O.
Experimental data from the CO (g) pressures with Al as proposed by Motzfeldt and
Sandberg (43) indicate Al2CO in equilibrium with the Al4C3 and liquid at temperatures greater
than 2000K. Earlier it was assumed that any formation of Alumina in the system is directed to
carbothermic reduction of aluminum carbide as shown in the reaction below as reviewed by
Heyrman and Chatillon (43).

Figure 65 Stability diagram of a Ti-C-O at 1823K (Computed in Factsage)
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Figure 66 Stability diagram of Sm-C-O system at 1823K (Computed in Factsage)
2Al2 O3 + 9C(s) → Al4 C3 + 6CO(g)

Figure 67 Stability diagram of Al-C-O @1973 K (29)
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(14)

Al2 O3 (s) + 3C(s) → Al2 CO(s) + 2CO(g)

(15)

Al2 O3 (s) + 3C(s) → Al4 CO4 (s) + 2CO(g)

(16)

Al4 CO4 (s) + 6C(s) → Al4 C3 (s) + 4CO(g)

(17)

Reactions 14 to 17 indicate the formation of Al4C3, whereas reactions 15 and 16 show the
intermediate formation of Al2CO and Al4CO4.
For completeness on the Al-C-O
system analysis results from Chatillion and
Heyrmann (43) show the presence of the
metastable oxycarbide Al2CO system which
indicate

the

following

intermediate

metastable reactions taking place before the
formation of the aluminium carbide as
Figure 68 Al-C-O ternary @2000K (43)

proposed by them. However, the oxygen

potential of the thermodynamic system controlled by the Al/Al2O3/Al4CO4 triple point at 9501000 K will not form an oxide or an
oxycarbide.
5.3 LIQUID METAL REACTIVE INFUSION
Liquid metal formation of Al, Sm
indicated in the XRD show that it has reacted
to form AlB2 AlB12, Al4C3, SmB4 and SmB6.
It does not seem to indicate any presence of
ternary carbides with Al and Sm. Although the
Figure 69 Sm-C-O ternary phase diagram

oxidation of Sm to Sm2O3 was not detected
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any intermediate formation of oxides of Sm as well as oxycarbides of Sm, according to the
ternary reported by Haschke and Deline (38). A ternary phase diagram indicating the presence of
non stoichiometric oxycarbides of Sm is shown in the Figure 69. Any intermediate formation of
the non stoichiometric oxycarbides of Sm should lead to the formation of SmC2 and CO (g) as
shown in the reaction 18.
With the presence of B4C in the system interactions of boron and carbon with the metals
will need to be considered. This is described in the individual plots with their stabilities plotted
with the values of ∆G vs. temperatures, Figure 70 & Figure 71. The plot for carbides indicates at
1500°C stability of HfC>ZrC>TiC>YC2>SmC2>B4C. Similarly with the borides stability of
HfB2>TiB>ZrB2>TiB2>SmB6>SmB4>B4C. Since the addition of the Al to the system will not
form any reaction product as the carbides of Al (Al4C3 is limited to formation at lower
temperatures) at high temperatures (>1400°C) will serve as a carrier in the system for
interactions with other metals.

B4C is more stable than the carbides of Al and Sm at

temperatures less than 1400°C, but it is not the same the their borides counterpart. From the
Ellingham diagram for the borides AlB12 (boride of Al) is more stable than B4C and SmB6 is
more stable than the SmB4 and B4C at temperatures exceeding 1500 K.
Sm2 O3 (s) + 7C(s) → SmC2 + 3CO(g)
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(18)

Figure 70 Stability of the Carbides (44) (HSC
V8)

Figure 71 Stability of Borides (44) (HSC V8)

5.3 QUATERNARY REACTION PATH
The reaction path between Al-Sm liquid and B4C may be described with a tetrahedral
diagram as shown in the Figure 72, Figure 73 and Figure 74. The Al3BC/AlB12 equilibrium
occurs as evident from the microstructures (e.g. Figure 22-25). For the stability of Al3BC/AlB12
the reaction path would be more consistent with microstructures of Figure 74.
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Figure 73 Possible reaction path of Al-Sm
liquid/B4C with Al3BC forming adjacent to
liquid

Figure 72 Possible reaction path of Al-Sm
liquid/B4C with SmB4 forming first
The reaction path of the Al-Sm/B4C
infusion deduced from the microstructure has
key phase stability of the Al3BC/AlB12/Al-Sm
(liq) and Al3BC/AlB12/SmB4 though the latter
requires further study. The SmC2 seems to
occur at the Al-Sm liquid/graphite interface.
However, the microstructures seem to show
Al3BC/AlB12 phase equilibria.

Figure 74 Possible reaction path of liquid/B4C
with Al3BC/AlB2 stability
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6. Conclusions
Aluminum-samarium alloys reacting with a packed bed B4C at temperatures greater than
1973 K were studied to determine the formation of boride and carbide phases. The reactive
experiments were carried out in pseudo-isopiestic thermodynamic system within a temperature
gradient to control the oxygen potential by using an Al/Al2O3/AlCO4 triple point approximating
1000 K. At the hot end of the thermodynamic system, the temperatures were greater than 1973
K. The alloys by itself Al-Sm resulted in Al3Sm and Al-Sm-Zr in Al3Sm and ZrC with eutectic
microstructure of Al3Sm-αAl. Microstructural analysis of the reacted Al-Sm/B4C samples found
phases of AlB2, AlB12, Al3BC, Al8B4C7, SmC2, Sm2C3, SmB6 and SmB4.
When a pre-melted alloy of Al-Sm, Al-Sm-Zr, Al-Sm-Ti or Al-Sm-Ti was placed on top
of the B4C, alloys did not melt on top of B4C, no infusion into the packed bed of B4C, reaction
did not occur as the surface of the pre-melted alloy probably changed the contact angle
preventing the melt from infusion. The contact angle of the liquid alloy probably would decrease
and also allow infusion into the B4C packed bed at temperatures greater than 1900°C. The
melting and reactions occurred when mixtures of Al-Sm, Al-Sm-Ti, Al-Sm-Zr and Al-Sm-Hf
were placed on B4C.
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